Dry ice (DI, solid carbon dioxide) and liquid carbon dioxide (LC) are both used in airborne glaciogenic cloud seeding, but no studies have objectively compared the efficacies of those two seeding agents. This paper describes a numerical model that involves the microphysical processes associated with airborne cloud seeding, and describes numerical simulations done to compare the efficacies of airborne DI and LC seeding in enhancing precipitation. Simulation results suggest that seeding effects appear faster for DI, and that the total amount of surface precipitation is almost the same for DI and LC seeding. Our results are counter to previously published assertions that LC is generally superior to DI in enhancing precipitation through airborne seeding in any type of clouds.
Introduction
Dry ice (DI), or solid carbon dioxide, has been a popular seeding agent since its effectiveness in airborne cloud seeding was demonstrated by Schaefer (1946) . Sublimating DI pellets have surface temperatures close to −100°C and act as a cooling agent (Fukuta et al. 1971) . As DI pellets fall through clouds, they quickly cool the air passing around them to below −45°C. This cooling causes the air around the pellets to become highly supersaturated in water vapor, which lead to activation of extremely small water droplets that instantaneously freeze into tiny ice crystals. The sublimation of one gram of DI thus produces approximately 10 13 tiny ice crystals through homogeneous nucleation (Horn et al. 1982) . Fukuta (1988 Fukuta ( , 1996 reported the efficacy of using liquid carbon dioxide (LC) to disperse supercooled fog and low-lying stratus. When sprayed from airplanes, LC expands into a gas (boils) instantly. The boiling LC drops have surface temperatures close to −90°C and quickly cool the air around them. As with DI, the formation of numerous water droplets is followed by homogeneous freezing. It is thought that equal masses of DI and LC produce the same numbers of ice crystals.
The essential difference between DI and LC seeding is in the spread of the resulting ice crystals in seeded clouds. In DI seeding, an aircraft flies over a cloud top and continuously drops DI pellets. The pellets generate ice crystals as they fall and form a curtain of ice crystals. On the other hand, LC is sprayed from an aircraft flying just above the cloud base and generates a thin streak of ice crystals along the aircraft flight track. The subsequent spread of ice crystals from these initial configurations is driven by the wind shear, turbulence, and thermal convection existing in the clouds. Latent heat released during the growth of the ice crystals contributes to the thermal convection. The differences in the initial shapes and position of the regions of ice crystals should influence subsequent spreading (diffusion) processes and the physical properties of seeded clouds. If these differences affect the total surface precipitation over the target area, the choice of DI or LC would be a significant issue. Fukuta (1996) hypothesized that LC seeding is effective for the dispersion of supercooled fogs or low-lying stratus clouds with a depth of several hundred meters. Fukuta (2000 Fukuta ( , 2003 discussed the efficacy of LC seeding, extending applicability of the hypothesis to wide range of cloud type. His hypothesis has been always accompanied by denial of efficacy of DI seeding in his published works. However, it is not known whether or not his claim that the DI seeing is not effective but the LC seeding is effective for glaciation of supercooled clouds is valid. There is still room for a considerable measure of disagreement about the claim. This motivated the authors to examine it with numerical experiment.
To examine Fukuta's assertion on the efficacy of DI and LC seeding, we developed a numerical model that incorporates the physical processes from the injection of seeding agents into the air to the development of precipitation. We then conducted simulations using the model to understand how DI and LC seeding transform a supercooled cloud and produce precipitation, and to clarify the efficacies of DI and LC for enhancing precipitation. We focused on airborne seeding of supercooled clouds with DI and LC during winter. To avoid the complexity of realistic conditions, we adopted simple initial conditions, with no topography and with horizontally uniform temperature and humidity profiles.
Model description
We used the Japan Meteorological Agency (JMA) non-hydrostatic model (JMANHM; Saito et al. 2006 ) in this study. The JMANHM explicitly calculates the microphysical processes for five categories of liquid and solid water substances: cloud water, rain, cloud ice (representing ice crystals), snow, and graupel. To simulate the interactions among the hydrometeors, a doublemoment bulk parameterization scheme, which predicts both the mixing ratio and number concentration, is applied to the solid hydrometeors, and a single-moment parameterization that predicts only mixing ratio is applied to the liquid hydrometeors.
We implemented a new module in the JMANHM that simulates airborne seeding as a moving point source of DI or LC and the generation of ice crystals after seeding, based on Kopp et al. (1983) for DI and Guo et al. (2003) for LC. The mixing ratio Q di , and number concentration N di of DI are predicted by considering the advection, diffusion, gravitational sedimentation, and sublimation terms, plus the source term representing the injection of DI.
The source term of DI in the mixing ratio is expressed as
where Ṁ is the seeding rate (kg s ), V is the volume of a grid cell (m 3 ), and Dt is the time step interval (s). Given v ap , the value of L is determined at every time step by considering the geometric relation between a prescribed flight path and the grid across which the seeding aircraft flies.
The source term for the number concentration of DI pellets is
where m 0di is the initial mass of a DI pellet, determined using the
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For LC seeding, prognostic equations for LC are not necessary, as it is assumed that the LC is completely evaporated in the grid volume where it is ejected. The production rate of ice crystals in number concentration and mixing ratio are respectively
where ( ¶Q lc / ¶t) sd is written in the same form as ( ¶Q di / ¶t) sd . Cooling effect of sublimation or evaporation of carbon dioxide on the surrounding air is not involved in the equations since it is negligibly small compared with heating effect due to depositional growth of generated ice crystals. The prognostic equations for mixing ratio and number concentration of cloud ice, after adding terms representing generation of ice crystals by cloud seeding to the usual equations for cloud ice, become respectively
where PRD represents the background microphysical processes of cloud ice and the index S is either di or lc. Hashimoto et al. (2015) used this model to simulate a field experiment of DI seeding. The model result successfully reproduced the observed dispersion of generated ice crystals. Table 1 shows the model configuration in this study. The domain size is 12 km × 16 km × 5 km in the x, y, and z directions, respectively. The grid size is 50 m in both horizontal and vertical directions. The lateral boundaries parallel to the flight path are cyclic, while the other boundaries are open (Fig. 1a) . The integration time is 220 min and the time step interval is 2 s ( Table 1) . The turbulence closure scheme of Deardorff (1980) is adopted with prognostic turbulent kinetic energy. The conversion of cloud water to rain follows the Kessler-type formulation with a threshold value of 1 g kg
Numerical experiments
, which means that substantially, the auto-conversion from cloud water to rain is turned off. For simplicity, the primary ice nucleation processes in our model (deposition and immersion freezing) are turned off and the secondary Hallet-Mossop ice nucleation process is turned on. This configuration ensures that artificially induced ice crystals trigger all the processes modifying initial diameter D 0di and density r di (1560 kg m −3 ) of a spherical pellet:
The sublimation rate (kg s
) of a DI pellet is expressed in terms of atmospheric pressure P (atm), temperature T (K), and the diameter of a DI pellet D di (cm) (Fukuta et al. 1971 .
In this study, D di is given as a mean-volume diameter as determined from Q di and N di at every time step, assuming a uniform pellet size. The sublimation term of DI is
The fall velocity of DI pellets,
), is expressed by (Fukuta et al. 1971 )
where P and D di are in atmospheres and centimeters, respectively. Assuming uniform DI pellets, the gravitational sedimentation terms in the mixing ratio and number concentration are respectively
The prognostic equations for mixing ratio and number concentration of DI are respectively
where ADV represents the advection term and DIF represents the diffusion term. According to Horn et al. (1982) , 10 13 ice crystals are produced during the sublimation of 1 g of DI in clouds. Our formulation expresses the number of ice crystals produced by sublimation of a DI pellet in the MKS unit system:
Multiplying both sides of Eq. (11) by the number concentration of DI pellets N di , the production rate of ice crystals in number concentration is obtained:
Multiplying both sides of Eq. (12) by the mass of an ice crystal m 0i , the production rate of ice crystals in mixing ratio is obtained: Fall out and gasification (Fukuta et al. 1971) Generation of ice crystals due to gasification of DI (Horn et al. 1982) Generation of ice crystals due to gasification of LC same to DI a supercooled cloud. Figure 1b shows the initial condition of the model atmosphere, including horizontally uniform temperature and humidity profiles. A vertically sheared horizontal wind blows in the y-direction. The shear strength is set at 2 m s −1 every 1 km. From 1 km to 3 km in elevation, the atmosphere is filled with supercooled cloud droplets at a constant number concentration of 10 2 cm −3
. The initial mixing ratio of the cloud water is 0.5 g kg −1
. The lapse rate in the supercooled cloud layer is 0.735°C every 100 m, which is close to moist-adiabatic lapse rate at 850 hPa and −10°C. Above the cloud is a temperature inversion layer with an amplitude of 1.7°C. The thermodynamical profiles are typical in orographic clouds over windward of the Echigo Mountains in Japan during winter. Temperature range of cloud layer (−22 to −3°C) is broader than in Fukuta's (1996) case (−11 to −9°C). The lapse rate is slightly smaller than in Fukuta (1996) case (pseudoadiabatic).
In our simulations, airborne seeding was carried out for the first 40 s along a 4-km straight path (Fig. 1a) at a speed (v ap ) of 100 m s −1 at 3110 m elevation (over the cloud top) for DI and 1110 m (above the cloud base) for LC. The initial value of the mean-volume diameter of DI (D di ) was 4 mm. For the first experiment (Exp I), a seeding rate of 50 g s −1 was adopted for the simulations with DI and LC ( Table 2 ). With these parameter settings, the number of ice crystals generated in the simulation was 10 , our experimental setup meant that the seeded cloud was glaciated by ice crystals at a concentration an order of magnitude greater than in natural clouds with the same cloud-top temperature. Because previous LC seeding experiments conducted in the field (Fukuta 1996; Seto et al. 2011 ) used seeding rates an order of magnitude smaller than that of DI, we ran a second trial with a seeding rate of 5 g s −1 for both DI and LC (Exp II). Figure 2 shows the temporal changes of the microphysical properties of seeded clouds in Exp I. In the case of DI (Figs. 2a,  b, c) , cloud ice appeared as soon as cloud seeding started, from the cloud top to the bottom below the flight path of the seeding aircraft. The ice crystals were transported upward due to buoyancy induced by the release of latent heat. According to Fig. 3a , ascending motion as large as 1 to 2 m s −1 appeared from the top to bottom of cloud at first. The largest ascending motion was seen in upper layer of the cloud and got as large as 4.9 m s −1 at 45 minutes after the seeding. After the ice crystals reached the cloud top, the ice crystals began to spread horizontally and fall through the supercooled cloud layer. As they spread, they consumed water vapor, and consequently cloud droplets were depleted (Fig. 3a) . Extensive horizontal diffusion of ice crystals was apparent 35 min after the simulation began (Fig. 2b) . In the LC simulation (Figs.  2d, e, f ) , the ice crystal plume generated near the cloud base took ) in the vertical cross section at x = 6 km in the simulations with seeding rates of 50 g s −1 for (a-c) DI and (d-f ) LC. (Fig. 2e) . Depletion of cloud droplets was likewise delayed (Fig. 3b) . Figure 4a shows the temporal variations of the domain-averaged vertically integrated liquid and ice water paths (LWP, IWP) and the cumulative surface precipitation (PR), and the glaciated volume in which number concentration of ice particles is larger than 1 L −1 (V ice ) in Exp I. V ice increase more quickly and the value is clearly larger for DI. DI takes 50 min to reach 0.5 mm of LWP from 1 mm whereas LC requires 70 min. PR was slightly larger for DI, but the difference between DI and LC seeding was as small as 6%. In Exp II with the smaller seeding rate (5 g s −1
Results
; Fig.  4b) , the result was similar: the PR was similar for the DI and LC seeding, but the appearance of seeding effects was faster with DI. Initial amount of supercooled cloud water was the main contributor to the total precipitation at the end of simulation in both DI and LC cases. The cloud water generated by adiabatic ascent of the plume does not contribute very much to the precipitation. Fukuta (1996) stated that DI seeding forms a vertical plume of ice crystals which tends to cause rapid upward air motion, due to vertically integrated buoyancy, that rapidly transports the ice crystals to the cloud top. The time available for ice crystal growth is short and the ice crystals stay small, which prevent them from falling through the supercooled cloud. On the other hand, he argued, LC seeding forms a horizontal ice crystal plume, which rises relatively slowly and provides sufficient time for ice crystal growth. These ice crystals become large enough to fall in the super cooled cloud, continuing their growth to produce precipitation.
Discussion
The results shown were clearly different from Fukuta's statement on the DI seeding. The upward motion in the plume was little different between the DI and LC cases, being about 5 m s −1 at most in both cases. In the DI seeding, the generated ice crystals were transported to the cloud top at first. Contrary to his statement, ice crystals started to fall through the supercooled cloud layer to produce precipitation. This means that ice crystals grew larger at the expense of water vapor and supercooled water through mixing with the surrounding air during the ascent of the plume and the subsequent horizontal diffusion, as in the LC seeding.
In our simulations, DI is definitely effective in enhancing precipitation. This is counter to Fukuta's assertion that the LC seeding is a promising method but the DI seeding is not. To consider the possibility that Fukuta's assertion might be valid in a calm environment without vertically sheared horizontal wind, we performed the same simulations under calm initial conditions, but the results were little different (not shown).
In cloud seeding operations, positioning the seeding aircraft is important for directing the seeding plume to the target area. The faster appearance of the seeding effect with DI seeding should enable the operator to set the seeding position closer to the target area for more accurate targeting. The behavior of the ice crystal plume and seeding effect can be affected by the environmental factors such as the profile of temperature and supercoold water in the cloud layer, the geometric depth of cloud, the stage in the lifetime of cloud, and so on. Although we think that the initial distribution of generated ice crystals has stronger impact than these environmental factors, the impact of environmental factors will be the subject of future study.
Conclusion
We developed a cloud seeding model that realistically simulates airborne cloud seeding with DI and LC, as well as the subsequent chain of physical processes in seeded clouds. Simulations were performed assuming horizontally uniform profiles of air temperature, humidity, and cloud water capped with a temperature inversion at the initial state. Simulation results showed that airborne DI and LC seeding have nearly equal efficacy in enhancing precipitation. This result contradicts the expectation that the Fukuta's assertion is generally valid. The faster appearance of seeding effects for the DI case can be an advantage for targeting a seeding plume to the desirable area for enhancing precipitation. . Dark and light colors indicate the results for DI and LC, respectively.
